' exposure to lead in industries with the highest exposure. All subjects were interviewed about their occupational and smoking histories, the use of personal protective equipment and personal hygiene. The contribution of a dietary source of lead intake from specified foods known to contain lead locally and personal air sampling for lead were assessed. A total of 61 workers from two PVC compounding and 50 workers from two lead acid battery manufacturing plants were studied together with 111 matched controls. In the PVC compounding plants, the mean lead-in-air level was 0.0357 mg/m 3 , with the highest levels occuring during the pouring and mixing operations. This was lower than the mean lead-in-air level of 0.0886 mg/m 3 in the lead battery manufacturing plants where the highest exposure was in the loading of lead ingots into milling machines. Workers in lead battery manufacturing had significantly higher mean blood lead than the PVC workers (means, 32.51 and 23.91 mcg/100 ml respectively), but there was poor correlation with lead-in-air levels. Among the lead workers, the Malays had significantly higher blood lead levels than the Chinese (mean blood lead levels were 33.03 and 25.35 mcg/100 ml respectively) although there was no significant difference between the two ethnic groups in the control group. There were no significant differences between the exposed and control group in terms of dietary intake of specified local foods known to contain lead. However, Malays consumed significantly more fish than the Chinese did. There were no ethnic differences in the hours of overtime work, number of years of exposure, usage of gloves and respirators and smoking habits. Among the Malays, 94.3% eat with their hands compared with 9.2% of the Chinese. Workers who ate with bare hands at least once a week had higher blood lead levels after adjusting for lead-in-air levels (mean blood lead was 30.2 and 26.4 mcg/100 ml respectively). The study indicated that the higher blood lead levels observed in the Malay workers might have been due to their higher exposure and eating with bare hands.
INTRODUCTION
employment and 6-monthly examinations. These examinations include a clinical examination and an estimation Since 1985, workers in Singapore who are exposed to of the blood lead and haemoglobin levels. 1 About 1,500 inorganic lead are required to go for compulsory preworkers were examined in 1996. 2 Factories with significant lead exposure are monitored regularly by the Department of Industrial Health of the Ministry of Labour. It has been frequently observed that the levels of * lead-exposed workers in Singapore have also shown an apparent incongruity between environmental and biological monitoring data. Many workers with excessive lead absorption do not have corresponding environmental data that indicate a high degree of contamination of the inspired air. The diagnosis of excessive lead absorption was based on a blood lead level of 50 meg/100 ml or more and the absence of signs and symptoms of lead poisoning. It has been reported that parenteral intake from leadcontaminated hands and fingernails is an important cause of lead absorption in the local lead-exposed workers, especially since Malay and Indian workers customarily eat with their bare hands, that is, without the use of utensils. 4 This study was conducted as part of the Human Exposure Assessment Location (HEAL) Project which comes under the UNEP/WHO Global Environmental Monitoring System (GEMS). The objective was to evaluate workers' exposure to lead in industries and the contribution from dietary sources.
MATERIALS AND METHODS

Study subjects
A total of 111 male lead-exposed workers from the two main ethnic groups (Malay and Chinese) and another 111 matched controls by ethnicity and within 5 years of age were studied. The exposed workers were selected from two lead-storage battery manufacturing factories and two polyvinyl chloride (PVC) compounding plants. These factories were selected from a total of 67 factories as they represent the highest exposure situations locally based on blood lead results. The risk of lead exposure in these two types of industries comes from the smelting of lead ingots and the handling of lead paste in battery manufacturing, and the weighing and pouring of lead power in the PVC compounding plants.
Questionnaire
All subjects were interviewed with regard to their occupational and smoking histories, usage of personal protective equipment and personal hygiene practices such as hand washing before meals. To quantify the lead contribution from dietary sources, the types and frequency of food or drink (known to contain lead in the local context) consumed and the usage of glazed crockery during a 24-hour period over the past workweek was noted (Appendix 1) using photographs and pictures. Data on overtime work was obtained from the factories.
Blood lead estimation
About 2 ml of heparinized blood was collected from each worker and submitted for lead analysis by the Industrial Health Laboratory of the Department of Scientific Services, Institute of Science and Forensic Medicine (DSS, ISFM). Strict precautions were taken to avoid sample contamination. A rapid Zeeman graphite furnace atomic absorption spectrometric method with L'vov platform was utilized for the determination of lead in blood. In this analysis, 100 ul heparinized whole blood were diluted 1:10 in an ammonium dihydrogen phosphate matrix modifier containing 0.5% v/v Triton X-100, 0.2% w/v ammonium dihydrogen phosphate and 0.2% v/v nitric acid. Aqueous standards of lead nitrate, 20 ug/dl, 40 ug/dl, 50 ug/dl and 60 ug/dl diluted in the chemical matrix modifier were used for calibration purposes. 12 ul of the diluted blood, standards and chemical modifier blank were dispensed by an autosampler on the L'vov platform of a pyrolytically coated graphite THGA tube for analysis. External quality assurance was carried out in collaboration with the Centre de Toxicologie du Quebec, Canada.
Environmental monitoring
Lead-in-air monitoring for the lead-exposed workers was conducted by personal sampling, with the sampling head attached to the subject's lapel. For each subject monitored, two consecutive samples were taken to cover the 6 h workshift. Lead levels of the non-exposed controls and those in ambient air were monitored by static (area) sampling, with the sampling head placed at a representative work locations. At each location monitored, a single 6 h sample was collected. The sampler consisted of a mixed cellulose-ester filter (37 mm diameter, 0.8 micron pore size) mounted on a three-piece cassette holder and connected by a plastic tubing to a sampling pump. The pump flow rate was regulated at 1.5 litres per minute and checked at least hourly using a calibrated rotameter. The lead content of the filters was analyzed at DSS, ISFM, using flame ionization atomic absorption spectrophotometry. External quality assurance was carried out in collaboration with the Health and Safety Executive (United Kingdom), Workplace Analysis Scheme for Proficiency.
Statistical analysis
The data were analyzed using the Statistical Analysis System (SAS) software package.
Step wise multiple linear regression analysis was used to evaluate the proportions of the variance in blood lead that were explained by factors related to lead exposure.
RESULTS
A total of 61 workers from two PVC compounding and 50 workers from two lead acid battery manufacturing plants were studied together with 111 matched controls. Their mean age was 38.33 years (range = 19-62 years). The exposed workers, comprised 76 Chinese and 35 Malays, had worked an average of 119.44 months in their respective sections (range = 2-313) on a weekly rotating 8 h shift. Eating, drinking and smoking were prohibited during work.
The air levels in these plants were well below the American Conference of Governmental Industrial Hygienists (ACGIH) 5 recommended threshold limit value of 0.15 mg/m 3 . In the lead battery manufacturing plants, the mean lead-in-air was 0.0886 mg/m 3 (SD = 0.1763) in the area of highest exposure (loading of lead ingots into milling machines). This was higher than the mean leadin-air of 0.0357 mg/m 3 (SD = 0.0624) in the PVC compounding plants where the highest exposure was during the pouring and mixing of lead powder.
The mean blood lead levels of the exposed workers and controls were 27.78 (SD = 11.84) and 6.82 (SD = 3.23) meg/100 ml respectively. There was no significant difference in blood lead levels between the two ethnic groups in the control group.
The mean blood lead concentration was 32.51 and 23.91 meg/100 ml in the lead battery manufacturing and PVC compounding workers respectively. Workers in the lead battery manufacturing plant had significantly higher mean blood lead than the PVC workers. This corresponded to their higher exposure. However, there was poor correlation between the workers' blood lead and personal lead-in-air levels (Table 1 ). There was no significant difference in blood lead levels between smokers and nonsmokers. Workers with blood lead levels of more than 40 meg/100 ml were found to have done significantly more overtime work over the last month but there was no significant correlation with the present and total duration of exposure (r=0.06).
Among the lead workers, more Malays were employed in the lead battery manufacturing than the PVC compounding plants (40% in the lead battery and 24.6% in the PVC manufacturing plants). Table 2 shows the type of differences between the two exposed ethnic groups, Malays and Chinese. Exposed Malays had significantly higher blood lead levels than Chinese (mean blood lead levels were 33.04 and 25.35 mcg/100 ml, respectively) and higher personal lead-in-air levels. A large number of Malays (94.3%) frequently ate with their bare hands compared with 9.2% of the Chinese. Workers who eat using their bare hands at least once a week had significantly higher blood lead levels after adjusting for lead-inair levels (mean levels of blood lead were 30.2 and 26.4 mcg/100 ml for those using hands and those not using hands, respectively). Except for higher fish consumption among the Malays, there was no significant difference in the type of food, e.g., crabs, prawns, brinjals/egg plant, condiments, Chinese herbal, milk or canned fruit drinks consumed among the two ethnic groups. There were no ethnic differences in the hours of overtime work, number of years of exposure, number of cigarettes smoked, usage of gloves and respirators and glazed cookery.
Multiple linear regression analysis was used to evaluate the proportions of variance in blood lead that were determined by lead-in-air levels, fish intake and ethnicity. Lead-in-air exposure explained 7.6% of the variance in blood lead levels, ethnic differences accounted for 9.2% and washing of hands explained 4.6%, while fish consumption explained only 0.06% of this level in the exposed group (non-significant for fish consumption). When these factors were considered together, the difference in blood lead levels could be explained by 14.24% (Table 3 ). In terms of rank order, ethnic differences ranked first, followed by air lead and washing of hands.
DISCUSSION AND CONCLUSION
In Singapore, the enforcement of hygiene and medical surveillance programmes and the implementation of Table 2 . Differences between the two exposed ethnic groups
Nature of differences Malays
(n = 76) Chinese (n = 35)
P value
Mean lead-in-air levels (mg/m 3 )
Mean blood lead (mcf/100 ml) Percentage of workers using bare hands to eat Mean fish consumption over the last one week engineering control measures have markedly reduced the incidence of lead poisoning. However, cases of lead overabsorption are still seen. Frequently, such cases occur in areas where the environmental lead exposure is below the recommended threshold limit value of 0.15 mg/m 3 . 5 In our study, the three cases of overabsorption were exposed to air levels of between 0.004 and 1.140 mg/m 3 . There was a poor correlation between blood and environmental lead levels as reported in other studies. The present study showed that the higher blood lead levels observed in local Malays may have been contributed to by their higher exposure (more Malays were employed in the lead battery manufacturing than the PVC compounding plants) along with their custom of using bare hands for eating. Studies have shown significant contamination of the hands despite the use of gloves and the apparent cleanliness of the hands. 4 ' 7 This may explain the higher blood lead levels found in workers who ate with their hands. The results of another study of lead-exposed workers pointed to a strong effect of hygienic behaviour (and in particular, ingestion-related hygienic behaviour) on the lead-in-air and lead-in-blood relationship.
11 These observations of lead ingestion through hand contamination are supported by the results of previous studies in children.
12 " 14 In this study, the lead contribution from smoking, consumption of specific foods, Chinese herbs and the use of glazed crockery which were reported to contain lead were found to be insignificant compared to other studies. 15 
"
17 However, workers with higher levels of overtime work and environmental lead exposure had significantly higher blood lead levels. Multiple linear regression analysis used to evaluate the proportions of variance in blood lead showed that ethnicity ranked first, followed by air lead and washing of hands. As ethnic differences are related to personal practices, this study confirmed that the route of absorption in local Singapore workers is mainly through ingestion from using bare contaminated hands to eat. This was supported by findings in other studies. These results suggest that local risk factors such as the personal habit of eating with bare hands and environmental exposure are important influencing factors of overabsorption of lead. Thus, to reduce the risk of lead overabsorption, measures should be directed towards reducing these risk factors. The implementation of a programme of reinforcing hand washing and mouth rinsing (rinsing their mouth with water) before meals resulted in a reduction of the blood lead level by 11.5% in one local study. 
